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Abstract 
The engineering of two-dimensional crystals by physisorption-based molecular self-assembly at the 
liquid-solid interface is a powerful method to functionalize and nanostructure surfaces. Formation of 
high symmetry networks from low symmetry building blocks is a particularly important target. 
Alkylated isophthalic acid (ISA) derivatives are early test systems, and it was demonstrated that in 
order to produce a so-called porous hexagonal packing of plane group p6, i.e. a regular array of 
nanowells, either short alkyl chains or the introduction of bulky groups within the chains were 
mandatory. After all, the van der Waals interactions between adjacent alkyl chains or alkyl chains and 
the surface would dominate the ideal hydrogen bonding between the carboxyl groups and therefore a 
close packed lamella structure (plane group p2) was uniquely observed. In this contribution, we show 
two versatile approaches to circumvent this problem, which are based on well-known principles: the 
“concentration in control” and the “guest induced transformation” method. The successful application 
of these methods makes ISA suitable building blocks to engineer a porous pattern in which the distance 
between the pores can be tuned with nanometer precision. 
 
Introduction 
 
Surface confined two-dimensional (2D) crystals consisting of molecular building blocks have garnered 
a broad interest in nanoscience due to their potential applications.1-4 Traditionally, non-covalent 
interactions are used to guide the self-assembly process. By using hydrogen bonding5-8, van der Waals 
interactions9-12, metal-ligand coordination13-15 or a combination thereof as a molecular ‘glue’, a 
multitude of architectures have been successfully engineered both in ultra-high vacuum conditions as 
well as at a liquid-solid interface. Predicting the specific outcome of network formation based on the 
molecular building blocks remains a challenge as various experimental factors govern the self-
assembly process: solute concentration,10,16-20 temperature21-25, solvent 26,27 have all been known to 
influence the 2D crystal formation under ambient conditions.  
 
It has previously been reported that alkylated isophthalic acid derivatives (ISA) show a variety of self-
assembly motifs at the liquid/highly oriented pyrolytic graphite (HOPG) interface, where the outcome 
is determined by  changes of the alkyl chains.28-30 The main driving force for self-assembly was 
expected to be the intermolecular interaction between carboxylic groups in meta position, which, after 
dimerization through hydrogen bonding, potentially could yield linear zig-zag or hexameric structures. 
It turned out however, that ISA derivatives with a simple linear alkyl chain uniquely formed a lamellar 
structure in which the intermolecular van der Waals interactions between adjacent interdigitated alkyl 
chains as well as the interaction between the chains and the underlying graphite dominate the hydrogen 
bonding. This forces the structure to circumvent ideal hydrogen bond formation. Only by significantly 
reducing the alkyl chain length and thereby lowering the impact of van der Waals interactions in favor 
of hydrogen bonding, cyclic hexameric structures were obtained.29 As an alternative approach, the 
introduction of bulky groups at the end of the alkyl tails which prevent ideal alkyl chain interdigitation 
also produced hexameric structures.28 
 
In this work, we show two simple approaches to create 2D nanoporous hexameric patterns at the liquid-
solid interface using alkylated ISA derivatives without any inherent structural modifications of the 
building blocks, which are based on two well-known principles: “concentration in control”16 and 
“guest-induced transformation”31.  
 
Results & Discussions 
 
1. Concentration in Control 
 
Three ISA derivatives (5-decyloxy-isophthalic acid (ISA-OC10), 5-tetradecyloxy-isophthalic acid, 
(ISA-OC14) and 5-octadecyloxy-isophthalic acid (ISA-OC18)) which differ only in the length of the 
alkyl chains were chosen (scheme 1) and their 2D self-assembly behavior at the liquid-solid interface 
was explored by scanning tunneling microscopy (STM). These molecular building blocks have two 
intrinsic recognition sites for non-covalent interactions: the alkyl chains give rise to van der Waals 
interactions through interdigitation and the carboxylic acid groups form hydrogen bonds. Depending 
on the solute concentration used, ISA-OC10 as well as –OC14 form a mixture of two distinct 
polymorphs , linear and porous, upon adsorption at the 1-phenyloctane/HOPG interface, while ISA-
OC18 yields only the linear polymorph (Figure S2,3,4). Figure 1 shows high-resolution STM images 
of the linear and porous polymorphs formed by ISA-OC14. At relatively high concentration, a lamellar 
structure is predominantly observed for all three derivatives, similar to what has been reported 
earlier.28,29 Within this lamellar structure, the van der Waals interactions clearly dominate the hydrogen 
bond formation and forces the molecules into a close packed p2 structure. The aromatic ISA head 
groups appear as bright circles. Based on the STM contrast it was impossible to determine the exact 
orientation or nature of the hydrogen bonds between the ISA head groups; but due to their head-to-
head orientation (blue line in Figure 1a), dimer formation between the carboxylic acid functionalities 
can be excluded.32 It remains uncertain, however, how the ISA headgroups interact, therefore only 
tentative models are given in Figure 1a and S1. The angle between the lamella axis and the alkyl chains 
is 90±1° for ISA-OC18, while for ISA-OC14 (α=84±1° and β=86±1°, Figure 1a) and ISA-OC10 
(α=78±1° and β=86±1°, Figure S1) two distinct orientations are observed. While for ISA-OC18 all 
alkyl chains are oriented parallel to one of main symmetry axes of HOPG, only the alkyl chains 
following the β angle (between lamella axis and the alkyl chains) are parallel to the main symmetry 
axis of HOPG.33 This disparity can be understood as follows: relatively shorter alkyl chains give rise 
to a smaller contribution of van der Waals interactions to the structure formation and the hydrogen 
bonds are therefore playing a more important role. However; the former still remains the dominant 
driving force for self-assembly. Bernasek et al estimated the energy contributions of hydrogen bond 
formation and van der Waals interaction in the lamellar structure of ISA-OC10 and ISA-OC18.29 They 
confirmed that the share of hydrogen bonds (30-50 kJ/mol for both ISA-OC10 and ISA-OC18) 
increases as the share of van der Waals interaction decreases with shorter alkyl chains (108-126 kJ/mol 
for ISA-OC18 to 60-70 kJ/mol for ISA-OC10).  
 
 Scheme 1. Molecular structure of ISA-OCn molecules (left): n=9 for ISA-OC10, n=13 for ISA-
OC14, n=17 for ISA-OC18. Molecular structure of coronene (right). 
 
 Figure 1. STM images and corresponding tentative molecular models of ISA-OC14 at the 1-
phenyloctane / HOPG interface (0.52mM, Vbias = 0.55 V, Iset= 0.13 nA), showing a) the linear p2 
network (α and β indicate the angle between the alkyl chains and the lamella axis) and b) The 
hexameric porous p6 phase ( = 61 ± 4º, a = 4.00 ± 0.2 nm, b = 4.30 ± 0.1 nm). The blue line indicates 
the distance between adjacent aromatic parts of ISA molecules. HOPG lattice vectors are indicated in 
green. 
 
 Coexisting with the lamellar structure, ISA-OC10 and ISA-OC14 also form a hexameric porous p6 
structure at higher concentration, which is phase separated from the lamellar network. Lowering the 
solute concentration leads to the unique formation of this hexameric porous structure for ISA-OC10 
and ISA-OC14 (Figure S1 and 1b, respectively), while the lamellar structure of ISA-OC18 seems to 
be unaffected by solute concentration: it is still uniquely observed. Unlike the lamellar structure, within 
the hexameric structure the hydrogen bonding is the dominant intermolecular interaction and the 
system adapts ideal hydrogen bond formation i.e. the dimer formation between adjacent carboxylic 
acids as observed previously in case of non-alkylated ISA34 and structurally related trimesic acids32. 
The hydrogen bonded hexagonal pores are in their turn surrounded by six triangular pores, formed by 
van der Waals mediated alkyl chain interdigitation. After close inspection, it was found that for ISA-
OC14 3 phenyloctane solvent molecules reside in the triangular pores, identified by their bright 
aromatic headgroups.35 Coadsorption of these solvent molecules compensates for the loss in stability 
due to the large unoccupied areas in the triangular pores. Within the hexameric structure of ISA-OC10, 
the triangular pores become too small for solvent coadsorption and appear featureless. This explains 
why the decrease of the hexameric structure coverage with increasing concentration happens much 
faster for ISA-OC10 in respect to ISA-OC14. Decreasing the alkyl chain length maintains the 
hexagonal pore diameter constant (1.13± 0.1 nm), while decreasing the area of the triangular pores or 
in other words decreasing the distance between adjacent hexagonal pores.  
The dependence of the surface coverage of porous polymorph on the concentration of ISA in solution 
is shown in Figure 2.36. As can be seen from the graph, for both ISA-OC10 and ISA-OC14, the porous 
hexameric structure can be homogenously engineered by using sufficiently low concentration. 
Surprisingly, even at the lowest concentration probed (0.01 mM) ISA-OC18 still exclusively forms the 
lamellar network even though the surface coverage becomes sub-monolayer (Figure S4).  
 
The concentration dependency of ISA derivatives is in good agreement with what has been observed 
earlier with similar molecular building blocks.16 Traditionally, systems that are sensitive towards 
concentration consist of building blocks which are  able to form two or more polymorphs with 
different adsorption energy and/or packing density. For ISA-OC10 and ISA-OC14, the packing density 
of the lamellar structure (1.23 molecules/nm² for ISA-OC10, 0.69 molecules/nm2 for ISA-OC14) and 
the hexameric structure (0.48 molecules/nm² for ISA-OC10, 0.33 molecules/nm2 for ISA-OC14) 
differs significantly. Therefore at high concentration, the number of molecules exceeds the amount 
required to cover the surface through hexameric structures and the system reacts by forming the close-
packed lamella structure, by using van der Waals forces between alkyl chains as the dominant driving 
force. However at lower concentration, less molecules are present at the interface and the system will 
react by forming the low density network and allowing hydrogen-bond formation dictating the 
structure. Compared to ISA-OC10 and ISA-OC14, the difference in packing density between lamella 
and hexamers of ISA-OC18 is even larger. However, the energy penalty induced by the uncovered area 
of the triangular pores is simply too large and therefore, even at sub-monolayer coverage, the formation 
of lamellae of ISA-OC18 is uniquely observed (Figure S4). 
 
 
Figure 2. Dependence of the surface coverage of the porous structure on the ISA concentration in 
solution. For each concentration, typically 10 to 15 large scale images (100 nm × 100nm) were 
recorded at different locations in order to be statistically relevant (Figure S3)  
 
 
2. Guest induced transformation 
 
One of the main applications for nanoporous systems is the selective trapping of guest molecules in a 
spatially resolved manner. Moreover, apart from simple coadsorption, it has been well documented 
that the addition of guest molecules can overcome the energy loss caused by unoccupied areas and 
thereby templating the formation of a specific network.31,37-39 As non-alkylated ISA has been 
successfully applied to host coronene (COR), COR was chosen as guest for the alkylated ISA host-
network.34  
 
Upon premixing COR and the alkylated ISA derivatives in a 1:1 molar ratio (COR/ISA-OC10 
1mM/0.98mM, COR/ISA-OC14 3mM/2.65mM, COR/ISA-OC18 0.5mM/0.47mM), the hexameric 
structure is exclusively observed for all the three derivatives (Figure 3a-c). The COR molecules appear 
as bright circular features within the hexagonal hydrogen-bonded pores of ISA. In the absence of COR, 
but maintaining the same concentration of the ISA derivatives, the lamellar structure is the dominant 
polymorph. Therefore, COR not only acts as a guest molecule. Under conditions where ISA forms a 
lamellar structure, its presence forces the system to transform from a lamellar structure into the 
hexameric network. After closer inspection, it appears that both for ISA-OC18 and ISA-OC14 (Figure 
3b-c), the triangular pores are also accommodating COR molecules. In the case of ISA-OC18, the 
COR molecules inside the triangular pores appear as fuzzy features, while the COR molecules inside 
the hexagonal void are well resolved, which can be correlated to the size mismatch between the 
triangular void and the adsorption of 1 COR molecule  Based on molecular modelling, a COR 
molecule adsorbed inside the triangular pore has the freedom to rotate and translate and the dynamic 
nature of COR adsorption into size-mismatched pores has been reported previously.11 The COR 
molecules hosted inside the triangular pores of ISA-OC14, however, appear to be well immobilized 
and even though the triangular pore does not match the hexagonal shape of the COR molecule, the size 
matching appears to be sufficient to immobilize COR. In contrast, the presence of COR has a more 
dramatic effect on the hexameric structure of ISA-OC10. Based on molecular modeling, the triangular 
pore of ISA-OC10 would be too small for the coadsorption of COR. COR addition, however, changes 
the hexameric patterns such that within a hexamer of ISA-OC10, four out of six alkyl chains are not 
interdigitated, thus creating additional empty space for the adsorption of COR. Within a unit cell, 
besides two triangular pores, each hosting a single COR molecule, a rhombic pore is created which 
hosts two COR molecules (Figure 3a).  
 
As the presence of COR has an impact on the polymorph formation, it is not farfetched that the ratio 
of COR vs ISA could have an impact  on the monolayer composition and architecture as well. This 
aspect was explored for ISA-OC10. Lowering the COR/ISA ratio gradually reduces the number of 
COR molecules adsorbed per unit cell. At a COR/ISA molar ratio of 1:10, a hexameric structure where 
all 6 alkyl chains are interdigitated is observed (Figure 4a). However, the alkyl chain interdigitation 
does not involve the whole end-to-end distance of adjacent alkyl chains in order that the triangular 
pore becomes large enough to host a single COR molecule. Finally, lowering the COR/ISA molar ratio 
to 1:100, COR adsorption only occurs in the hexagonal pores while the triangular pores remain vacant 
(Figure 4b) and ideal alkyl chain interdigitation is restored. This illustrates the flexibility induced by 
the non-covalent van der Waals interactions: the ISA network reacts by expanding its pores to 
accommodate more COR, depending on the specific COR/ISA ratio. This is reflected by the unit cell 
area which increases from 10.9 nm² (1 COR molecules / unit cell) over 11.4 nm² (3 COR molecules / 
unit cell) to 14.0 nm² (5 COR molecules / unit cell) at COR/ISA ratios of 1:100, 1:10 and 1:1 
respectively.  
 
Figure 3: STM images and corresponding tentative models of a mixture of COR and a) ISA-OC10, 
b) ISA-OC14 and c) ISA-OC18 in a 1:1 ratio (COR/ISA-OC10 1mM/0.98mM, COR/ISA-OC14 
3mM/2.65mM, COR/ISA-OC18 0.5mM/0.47mM) Unit cell parameters are a) α = 68.6 ± 1.3º , a = 
3.24 ± 0.1 nm , b = 4.64 ± 0.3 nm, b) α = 59.8 ± 2.5 º , a = 3.58 ± 0.1 nm , b = 3.66 ± 0.1 nm and c) α 
= 59.0 ± 2.1 º , a = 4.02 ± 0.1 nm , b = 4.18 ± 0.1 nm, respectively. 
 Figure 4: STM images and corresponding tentative molecular models of a premixture of COR and 
ISA-OC10 at a a) 1:10 ratio (COR: 0.10 mM/ ISA-OC10 0.98 mM, Vbias = -0.65 V, Iset= 0.12 nA) and 
a b) 1:100 ratio (COR: 0.01 mM/ ISA-OC10 0.98 mM, Vbias = -0.65 V, Iset= 0.12 nA)  (Unit cell 
parameters are a) α = 75.6 ± 1.0º, a = 2.94 ± 0.2 nm, b = 4.04 ± 0.1 nm and b) α = 61.7 ± 0.6º, a = 3.67 
± 0.1 nm, b = 3.35 ± 0.1 nm). 
 
 
Conclusion 
We have investigated the self-assembly properties of a series of alkylated isophthalic acid derivatives, 
which are governed by an interplay of van der Waals interactions and hydrogen bonds. These molecular 
building blocks can form two distinct polymorphs. It appears that the formation of these polymorphs 
is very sensitive to external variables. We have shown that it is possible to selectively form a specific 
network by varying the solute concentration, where high concentration favors a high-density lamellar 
packing and low concentration favors the formation of low-density porous networks. Moreover, we 
have demonstrated that a coronene molecule is not only a suitable guest molecule to reside in the pores 
but may also induce a structural transformation from the lamellar packing to the porous network. 
Through a combination of these approaches alkylated isophthalic acid derivatives become suitable 
building blocks to engineer a regular two-dimensional nanoporous network in which the distance 
between the pores can be tuned at will. 
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